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IlrlTRoDucTION 

The  dynamics of the engine have become of prime imprtance in the 
study of control systems for  turbine-propeller  engines  (reference 1). 
T h i s  importance arises from the  fact  that a control must be matched to 
an engine for all.conditions. am therefore,  in .order to build good 
controls,  the aynanrkcs of the engine m u s t  be known. The time 
response of the engine speed to a step change In blade angle with 
fuel flow held  constant or in fuel flow wlth blade  angle  held  constmt, 
and the magnitude of change in engine speed produced.  by a given change 
in blade angle or fuel  flaw ( r a t i o  of change i n  engine speed t o  change 
in bide angle or fuel  flow) represent two of the mst important 
~ m u ~ c  characteristics of the engine, time constant and galn factor, 
respectively. 

The Z " 0 s d t ~  of a previous  ins-stigation- of a twbine-propeller 
engine (reference 2) show that  m u e s  of' the tW constant G B ~  be 
determined froxu frequency  response analysis of the engine. 

The purpoee of thu investigation wa8 to determine the time con- 
stants and gain  factom of an engine over an extended  range of oper- 
ating  conditions in order t o  study  the dynamics of turbine-propeller 
engines. In addition, a cmparlson is made between tW constants 
obtained from steady-state  data and time constants  obtained by tran- 
sient  operation of the system. The effects of magnitude and direction 
of change in the input variable on the thne  constant are discussed. 

A l l  turbine-propeller engine charaoteristtce  presented in this 
report, were aetembed under sea-level  static cordittons. 

The first  method of obtaining  the time constant involves the use 
of steady-state ch&racterietic  curves of the engine-propeller system 
(fig. 1). These curves show the variation of englne torque wlth 
engine rotatfve speed f o r  values of constant f us1 f lox and for  values 
of constant blade angle. 

An analytical expression relating tke oanstant to the steady- 
state  characterist ic curv0s of the engine system is desired. The 
f irst-order linear differential  equation  representing  the dymmlc 
respanse of the turbine-propeller engine (reference 2) IB 
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All symbols w e  defined in the appendix. 
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The time constant  that  characterizes the response of equation (1) 
theref ore is 

a% 
From known moments a€' inertia and values of - fram t h e  slopes 

af steady-state  characteristic  curves, this expression used t o  
obtain time constants. 

Tlme Constant from Translent Operation 

The second method of determining the tFms cmmtant requires 
o b e m t i o n  of the engine speed responee under actual  transient condi- 
tions of operation. A step  input  in fuel flow or blade angle results 
i n  a speed response that  is obeerved by the use of a photorecofiing 
oscillograph. 

Al though  time constants could be most readily determined -om 
measuring the time for the speed change t o  reach 63.2 percent of its 
f ina l  value, t h i s  method is subject  to inaccuracy.  Therefore, a 
semilog method developed by Haxold Gold of the Lewis laboratory is 
used. The basis f o r  t h i s  method i e  as follow&: A step change in 
fuel flow o r  Blade angle i n  an ideal  first-order  linear system 
prcduces an  exponential change in  speed with  time. Such an expo- 
nential curve, rising f r o m  an initial. value at.  zero t h e  t o  some 
f ina l  VEtlue, l e  expressed in the following  form: 
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The last form ofequation (3) shorn that  the  relation between t 

where T iH the elope. Figure 2 shows a semilogarithmic p l o t  of 
typical data, wherein, (Nf - N(t)) is plotted on the  logarithmic 
scale and tlme is plotted on the  rectangular  scale. The locus of 

mentioned method f o r  obtaining the . t i m e  cmetant i s  %l id .  
log (Nf - N ( t ) )  i s  observed to be 8 Straight line. ThUS the  afore- 

h figure 2: 

tl represents tFme when I?, - N ( t )  = 1; tl = T( l0g  I+- log 1) 
t2 represents time when Nf - X ( t )  E: u; t2 =  log Np - l o g  U) 

t 2  - tl = -7 log u + 7 log 1 = ?(-log U) 
t 2  - tl = 7 when u = e-' = 0.368 

. .  

Therefore  the  length of the pro3ected se ent on the time axis between 
the  points Nf - m ( t )  = 1 and Ef - . N ( t Y =  0.368 is the time can- 
stant ?. The term (Nf - mi) is  8 canstant and does not  affect  the 
Slop8 7. 

. .  

Engine Ins tallstion 

The principal components of the engine used i n  this investigation 
are an axial-Plm compressor, reverse-flai colabizstion  chambers, and a 
singls-stage  direct-coupled  turbine. A two-stage planetary gear system 
provided a speed reduction between the .turbine ana t h e  propeller. 

A lZ-foot,  A-inch-diameter, four-bladed propeller was installed on 
the engine. The pitch-changing mecheuriElm maintaine a linear  relation 
between the position of the  input lever, or beta arm, and the blade 
angle, aa noted in reference 2.  
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In order t o  v m y  blade angle, a hydraulic  actuator WBB conhected 
to the beta arm. Fuel flow w a ~  varied by meane aP a hydraulic 
actuator  attached  to-  the engine fuel regulator  valve. 

I n e t m n t a t i o n  

Steady-Btate mearrurementa were t e n  of fuel flow, blade angle, 
turbine  outlet temperature, engine torque, and engine  speed. These 
Variables a l so  were meamred during tr-ient conAitione of operation. 

Trmsient fuel flow waa indicated by the w e  of an aneroid-type 
pressure semor w i t h  a strain-gage element t o  measure t o t a l  fuel pres- 
s w e  in the m a i n  fuel line Immediately upatream of t he  engine fuel 
manifold. The strain-gage elament X&EI cannected t o  a bridge  circuit 
i n  a strain  analyzer, where the resulting signal wars amplified Eand fed 
t o  a photorecording  oscillograph. Steadyetate meammement CCP fuel 
flow was obtained by w e  of a rotameter  installed in the main fuel line. 

Blade-angle position w?m me€f8ured by w e  of 8 potenticmeter, 
actuated by the  propeller  blade,  that  varied the  flow of current in an 
electric  circuit  in  direct  proportion  to  the  blade  pmition. For 
steady-state meaeurmants, the  current wa8 measured by a milliammeter; 
during  transient  conditione  the  circuit was snltched t o  a recording 
o~cillograph element. A conventional  slip-ring arrangement was used 
t o  complete the circuit  between the potentiometer an the propeller hub 
and the recording  devim. 

The ring g e m  of the planetmy  reduction unit of the engine is 
restrained by a self-balancing  hydraulic system under tr-imt 
conditione of operation,  the  torque  output of the engine was indicated 
by the pressure  required t o  a& (311 the hydraulic  piston t o  maintain 
balance. This pressure WBB meaaured by as aneroid-type  preeeure semox 
w i t h  a strain-gage elemen%. Iche sf@ waa amplified and fed to an 
oscillograph  unit. For steadyetage  torque  output mea8ursIllent, the 
pressure wa8 measured by a Bourdon-type gage. Because this meamramsnt 
WZLB d e  under steady-state  conditions, it WBB also a~ indication of 
torque  input. The methoda af' analysis applied t o  this investigation 
did not require  utilization of transient  torque measurement. 

Transient speed nzeasurement XBB faci l i ta ted by a direct-current 
generator geared t o  the engine. The voltage generated w a s  pmpor- 
t i o n a l  t o  engine speed. This voltage was applied t o  w oscillograph 
element. 

Ehgine speed hed a tendency t o  drift slightly under steady-state 
conditions, even though input  variables were held  constant.  In  order 
t o  obtain an accurate  indication of steady-state speed Immediately 
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before and after each frana lent .run, a meam of effectively increasing 
the e o a b  sensit ivity of the speed indicator waa incoqorated i n  the 
measuring system. A mechanical differentiai and a~synchronow  electric 
motor were util ized in the meamring c i r cu i t   t o  make poeslble sped  
memurexnent f r o a n  an bit tal value of 11, OOO rpn t o  a final value of 
13,000 rpn, thereby expanding the cruising speed range of the engtne 
over the fd1 scale range of t h e  indicat6r. One input shaft  af the 
dlff ereatPal was driven by an engine tach-ter ,pad; another m driven 
by the synohronous motor. By meane of proper gem ratioe,  operation of 
the synchronous motor cawed 0 rpn of the output shaft; of' the differ-  
en t ia l  at 10,500 rpn engine speed.. Ae the englne speed increB8ed., the 
differential output shaft  bnpmte& ro t a t fond   mt ion   t o  a three-phase 
tachmeter generator, connected t u  the indioator. 9peed.e frm 11,000 
t o  13,000 rpwere accurately indicated. 

Turblne autlet tempratwe was qeamned with one chrcrmsl-d.umel 
thermocouple and .recorder for  steady-state  operation ad. with three 
&canel-constantan thermocouples and oscillograph f o r  tr-1en.t; opera- 
tion. All ther~mcouples were located in the same vert ical  plane innned- 
i a k e l y  '0Sehb.d %he *bine. Trmient  turbine  outlet temporaturee were 
not uti l ized  in  this inverjtigation. 

A 10-cycle-per-second thing signal generated by an audio- 
oscil lator wes recorded on %he oscillograph film to ehm the tims 
variation of the recarded variables. 

Steady-state values were recorded before and after each transient 
run t o  provide oalibratians f o r  measurement of parmusters d e r  tran- 
s ient conditione. 

Table I i n d i c a t e B  the  steady-state and transient  characterbtics 
of the instrmmnts used. 

Procedure 

Steady-state ruzlfl. - Ia order t o  obtain engine time conatants from 
steady-state  characteristics, a map of engine torque aminst engine 
speed waa ubilized. This map ( f ig .  1) presenta engine torque againet 
engine speed for.  line0 of constant fuel flow and canetank blade angle 
in  the cruising speed range. The fuel flow varied f ram 700 t o  
1250 punbe per hour €he- blade angle from 15O t o  2 9 O .  MaxImm 
torques in the torque-speed curves were lindted by an a l l m b l e  saPe 
operating turbine outlet temperature of 12650 F. 

Transient rum. - In orcLer t o  obtain time constants and gain 
factora  under translent -conditione of operation,  step changes were made 
in  speed over the cruisiiq speea -ran$e.. . B6th 5noreaEling and decreasing 
incremen-bal  changes in speed at a giveri operating  point were m c d e a  

N 
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on a  photorecording  oscillograph. The magnitude of these changes waa 
apprmlmately 400 rpm. To f ac i l i t a t e  cnnrparison of tlme constante from 
transient  operation w i t h  time constants from steady-state  characteris- 
t i c s  approxlmately the same ranges of conetmt fuel flow and oonstant 
blade angle were LIB&. f o r  both transient and steadyetate  operation. 
The values of constant fuel flow and constant  blade angle used i n  the 
transient runs were 

Fuel flow (lb/hr): 700, 750, 820, 883, 950, 1000, 1066, and 1126 

Blade angle (deg) : 15.00, 17.10, 18.90, 21.00,  23.00, 25.00, and 
27 .03 

A reproduction of typical  transient  data recorded on the oscillo- 
graph is presented in  figures 3(a) and 3(b) .  

m i t u d e  and direction eff ects . - Eefects of magnitude and direu- 
t ion of s p e d  change on the engine tfme constant over the cruising 
engine  speed  range from I1,OOO t o  13,000 rpn were investigated. The 
variations  in speed t o  determine these  effects were obtained by varying 
blade angle wbile maintaining a conatant fuel flaw. In order t o  cover 
the cruising engine  speed range, an operating speed of approximately 
12,000 rpn waa chwa..  Using this  value of i n i t i a l  speed, a t e p  
changes i n  blade angle first  were made t o  prcd.uce incremental &angee 
in sped from 200 to 1000 rpm both abOVe and below this  Et&iXlg point. 
Using approximately 12,000 rpm &B the f inai  value,  step changes i n  
blade angle then were made t o  produce incremental changes in speed of 
200 t o  1000 rpm fram i n i t i a l  speeds above and below this appraxlmate 
final speed point. Tine constante were obtained f o r  all of the  incre- 
mental speed changes. 

Experimentally Detersnined T W  Constant from Steadyatate 

Characteristics of mine 

Operation of Ehgine 

The faired curves i n  figure 5 show tlme constant  variation with 
speed for various  values of constant fuel flow and constant blade angle 
f ram tram ient operat ion. 
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Comparison of Time Constants 

A caparison of f iguses 5( a) and 5(b) imiicates that the average 
value of time canetant f o r  constant  blade angle exceeds the average 
value of time  canstant f o r  ccrnstant fuel flow by Eapproxlmately 13 per- 
cent for a l l  vdues of speed in tihe engine .cruising  speed range. 
Although this correlation is satisfactory for controb work, it Mi- 
cates a lag in the f u e l  system a8 canpama t o  blade angle responee. 

. ." . .  . .. - - " .  

A canparison of figures 4(a) and 5(a) indicates tha t  the average 
values d time conetant for const&t fuel flow from steady-etate  char- 
acter ls t ics  agree satisfactorily w i t h  average  values of time constant 
from transient operation for a l l  vaiues of speed in the e n g m  
c m k i n g  speed range. Figure  6(a) presents the variation ~ t h  sped 
of the time constant from stedy-state  char'acteristics and time con- 
stant from t rawient  data at the m3.nbim.1 and maximMl valueEt & fuel 
f lm . 

A campmeon of f i w e s  4(b) and 5(b) indicates that for any given 
value of comtant blade angle the time  conetantg from transient data 
exceed the time constants from steady-state  characteristics by appraxi- 
mately 14 percent for all values of engine speed in t h e  kruierIng speed 
range. Figure 6(b) pres.ents variation with speed of time constants 
frcan steady-state  characteristice and tiple canstants fram transient 
data at the minFmum and mimum values of blade angle. 

T h e  Constant Variation with Changes in  Magnitude 

o r  Direction af Speed lhxements 

Figure 7 presents the effeot an time constant frm transient oper- 
ation of covering the speed. range in increasbg and decreasing  incre- 
mente of from 200 t o  1000 rpm and for a fuel flow of 950  pounds per 
hour. The time conetants  resulting frm .these incmiental changes are 
presented as a function af the final engine speed and are  shown by 
data points. The behavior of average- tims conStants as a function of 
final speed for incremental changes of 400 rpm over the cruising speed 
range ie indicated by the line for comparison of time"constant at 
final speed f o r  varied incrementai speed-changes. The results  indicate 
that  increasin@; or decreasing chmgea in aped up t o  and including a 
magnitude of 1000 rp~an can be made with no appreciable  variation in the 
value a€' the time constant  within the experimsntd error. Furthemre, 
the  variation of tlme  oomtant versua final engine speed is of such 

c\) 
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emall magnitude as t o  indicate that incremental changes i n  speed larger 
than 1000 rpm can be made with no appreciable  variation  in  the  value of 
the time constant. 

2kperFmsntall.y Deterrmined Gain Factors fram Transient  Operation 

of Engine 

Ih order to meaaure the  speed-to-blade-angle-gain  factor and the 
speed-to-fuel-flaw-gain  factor,  the i n i t i a l  and final values of speed 
for ham changes in blade angle or fue l  flow were uti l ized. Figures 8 
and 9 present  speed-to-blade-angle-gain factor and speed-to-fuel-flaw- 
gain  factor,  respectively, vemw speed f o r  the incremental changes in 
speed used to investigate time constants. 

Figure 8 'indicates  that  the  speed-to-blade-angle-gain  factor  varies 
linearly with engine sped and the  rate of change in gain  factor with 
speed is approxhmtely  the same for a l l  values of' conetant fuel flow. 
The gain factor  increases very rapdilg,both  with a decrease in engine 
speed f o r  a  given  constant fuel flow and with increasing values of con- 
stant fuel flow a t  a given  engine speed. This condition  indicates  that 
decidedly large values of gain  factor  exist  at  the lower portion of the 
cruising speed  range for high  values of fuel flow. 

Figure 9 indicates  that f o r  ?-alum aP oonstant  blade angle the 
speed-to-fuel-f  lar-gain f aotor  incremes aa the engine speed  decreases. 
This increaee iEI not  linear ae the  gain  factor  increases more rapidly 
for a  given  blade angle with changes in  speed as the engine speed is 
decreased. For a  given  value of engine  speed the gain  factor increases 
aa the  value of constant  blade angle deareaaes. The ombination of low 
speeds and small blade angle gives maximum gain  factors. 

The followlng  results apply t o  time constant and gain  factor 
behavior of a  turbine-propeller engine in sea-level  static  operation: 

1. For a l l  values of speed in the engine cruis  ing speed  range, 
average  values of t h e  constant for canstant fuel flow obtained  from 
both steady-state  characteristics and from transient  operation agreed 
satisf actorily, whereas the tlme conatants  obtained from transient 
operation exceeded the time constants  obtained from steady-state char- 
acterist ics by approxFmately 14 percent f o r  any given  blade angle. 

2. Over the entire c r u h  jng range of the .engine, the time 
constants shared only a mmll variation w-ith final engine  speed 8nd were 
independent aP magnitude aml. direction of change i n  blade angle f o r  
c a t a n t  fuel flow. 
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3. For  values of constant fue l  flow, epeal-to-blade-angle  gain 
increased linearly and rapidly  with  decreasing engine speed. For values 
of canstant engine speed, this gain increased  with fuel flow. Conse- 
quent- hi& speed-to-blade-angle gain exieted at a ocanbinatian a€' low 
speed and high fuel flow. 

4 .  For  values of constant blade angle, speed-to-fuel-flaw  gain 
inoreased.  rapidly  with decreasing speed. The rate of increme of this 
gain with decreasing speed became greater at the luwer values of epeed. 
For values of constant speed, t h i s  gain increme3 with decreasing values 
of blade  angle. Consequently, high  speed-to-fuel-fluw gain existed at i 
a combination of low speed anB low blade angle. 

0 

Lewis Flight Propuleion  Laboratory, 

Cleveland, Ohio. 
National Advisory Committee f o r  AeronaukLcs, 
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ApplwDIx - SYMBOL3 

polar manent of inertia of engine, (lb) (f't) (sec)  (rad)(min)/ 
revolution 

pow mament ~f t n e r t i a  of propeller, (lb)(ft)(sec)(rad)(min)/ 
revolution 

engine speed, rp 

final engine speed, rpan 

i n i t i a l  speed of engine at  tfme 0, rpm 

propeller @peed, rpan 

speed of engine at time t, rpn 

torque  input t o  engine, lb-ft  

torque  output of propeller, lb- f t  

gear r a t i o  of engine speed to propeller speed 

tke, sec 

time when t is tl, sec 

t h e  when t is t2, sec 

value of wf - a ( t )   d e n  t is t2 

fue l  flow, I b / h  

propeller blade angle, deg 

incremental change 

ambient s t a t i c  pressure 
NACA standard sea level pressure 

ambient s t a t i c  temoerature 

system time donstant, sec 
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0 - 40 
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Corrected engine speed, NJ@, rpm 

Flgure 1. - Steady-state torque-speed charaoterlstica of turbine-propeller engine. 
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Figure 2. - Semilogarithmic variation of [+-N(tfl with time. 
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7 Blade angle, B .  deg 

:I - .  . 

Temperature  (not  required 
In this  lnveatlgatloa) 

Torque, G ,  lb-ft  (translent  meaeurement 
not rqulred in this  lnvestlgutton) 

(a) Step Input in-blade angle at constant fuel t lox.  

!kmperature (not required 
in  this  investigation) 
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B (a) constant iubl nw. 
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